Abstract In the WATER project the German Aerospace Center, and the Universidade Federal de Uberlândia, analyse the possibilities of treating paper mill effluents by solar photocatalysis for the paper mill of the Brazilian paper producer Votorantim Celulose e Papel, VCP, at Luiz Antônio, SP, Brazil. The degradation of the bio-polymer lignin is a vast problem in paper production. The tests have shown that treatment by the photocatalyst TiO 2 and solar radiation is an ecological future oriented approach to solve this problem. The treatment of lignin containing process water by solar photocatalysis was optimised and the economics for solar treatment plants of different sizes was estimated to check the possibilities for implementing the technology in industrial processes.
Introduction
Paper mills produce an immense amount of wastewater. Conventionally, these wastewaters are treated biologically, but the polyphenolic bio-polymer lignin is very stable under these conditions. So, a huge amount of organic matter is transported into rivers with negative effects for these ecosystems. Especially in regions with excellent solar conditions solar photocatalysis can enhance the waste water treatment in a sustainable technology.
Methods
In the WATER project the German Aerospace Center (DLR) and the Universidade Federal de Uberlândia (UFU) analyse the possibilities of treating paper mill effluents by solar photocatalysis for the paper mill of the Brazilian paper producer Votoratim Cellulose e Papel VCP at Luiz Antônio, SP, Brazil.
The Luiz Antônio plant has about 2,600 m 3 /h of wastewater containing dissolved lignin and lignosulphonate compounds with a COD of 400-500 mg/l (Machado et al., 2003) . The biological activated sludge treatment reduces the COD to about 100 mg/l. With an additional photocatalytic treatment a reduction to 20-40 mg/l is possible. Using the photocatalytic step the polymeric substances are fragmented and a better bioavailability can be achieved.
Luiz-Antônio as well as Ublerlândia are located in central Brazil 300 and 650 km respectively north-east of São Paulo at about at 20°S latitude. The climate is dry and sunny. Cologne is located about at a latitude of 50°N in a moderately humid climate. A comparison of the amount of global UV radiation available on a clear day in late summer in both regions shows the potential of the Brazilian location for solar applications. (Figure 2) .
A long-term study is in process for getting annual data on the availability of UV-photons for the Brazilian locations.
Different solar driven CPC type reactors with 5 l and 60 l volume were used for degradation tests (Funken et al., 2001) as well as UV-lamp driven reactors with a volume of 0.8 l to 5 l and a power consumption between 150 W and 1,000 W. The tests were compared to Both reactors concepts are used as batch reactors treating one charge of wastewater until desired degradation. The energy amounts needed for degradation were compared. For comparability a model wastewater was developed that allowed simultaneous tests as well in Uberlândia as in Cologne (Machado et al., 2003) . The model wastewater contains mainly lignosulphonate as this is the most common dissolved contaminant in the wastewater of the VCP Luiz-Antônio plant.
The lamp reactors were used with an additional cooler to exclude thermal effects by the increase of the water temperature caused by the heat provided by the UV-lamps. The reaction temperature was kept between 30°C and 45°C.
Results
The degradation tests showed that paper mill wastewater can be treated efficiently by photocatalysis. In these tests the efficiency related to the irradiated volume of a CPC-type solar reactor like used in the SOLARDETOX ® project was higher than that of commercial UV-lamp reactors.
The use of different amounts of the photocatalyst TiO 2 (Degussa P25) showed that in the CPC reactor at a concentration of 500 mg/l TiO 2 a maximum efficiency could be achieved whereas in the UV reactor 1,000 mg/l showed a better efficiency than 500 mg/l. An addition of 1 ml/l H 2 O 2 (30%) accelerated the degradation.
Since the catalyst has to be removed after treatment for reuse of the water and the catalyst the CPC has an advantage for this process because it reaches optimum performance with less catalyst. The photocatalytic degradation can reach total mineralisation but often it is economically more useful to stop the photocatalytic treatment at a certain point where other processes become more efficient. The treated lignosulphonate wastewater was tested on its biochemical oxygen demand. After a treatment with about 0.25 mol/l photons <390 nm a maximum for the BOD was achieved (Figure 7) . The high bioavailability at this point of the degradation compared with a decrease of the performance of the photocatalysis suggests stopping the photocatalytic treatment here and continuing the entire purification with biological treatment.
Since the degradation tests showed that paper mill wastewater can be successfully treated by photocatalysis, economic studies were done to obtain information on possible costs of the technology. Since the SOLARDETOX ® CPC-reactor was only tested in Germany for the treatment of the paper mill wastewater there are no data available yet concerning its performance under Brazilian conditions. A comparison of identical SOLARDETOX ® reactors at Almería, Spain and Cologne, Germany showed that the degradation of chlorinated hydrocarbons takes place much faster under the conditions in Almería but no linear dependence could be found (Milow et al., 1999) . Therefore it is not possible to calculate the performance of the SOLARDETOX ® reactors for paper mill wastewater treatment under Brazilian conditions.
If SOLARDETOX ® type reactors were to be used under German conditions at up to 20 W/m 2 of UV-radiation < 390 nm a reactor area of about 1,650,000 m 2 would be necessary.
The economic estimation concluded that a solar photocatalytic plant for a paper mill like the VCP plant at Luiz Antônio, SP Brazil with an hourly amount of 2,600 m 3 wastewater might be theoretically possible. However, the realisation of such a plant is not likely because there are no experiences with solar water treatment plants of a representative size.
Nevertheless the area would be available next to the paper mill at Luiz-Antônio, but further tests have to be done to make a feasible scale-up of the solar reactors to demonstrate the technology.
A useful size for such a demonstration would be the treatment of up to 100 m 3 /d wastewater typical of an industrial SME paper mill. The area needed for such a plant would be about 2,650 m 2 under German conditions without any optimisation of the reactor geometry. The investment costs of such a plant have been estimated to about €1.3 M related to German prices. The treatment costs inclusive of annuity have been estimated from the results of the solar CPC tests to about €7.6 m 3 .
Conclusions
Solar photocatalytic wastewater treatment seems to be a sustainable technology for the paper industry especially in regions with high solar irradiation like Brazil. Even today the treatment costs of solar photocatalytic water treatment are in the same range as conventional processes. A demonstration project is in preparation.
